Transfer of genetic information from isolated mammalian chromosomes to recipient cells has been demonstrated. Metaphase chromosomes isolated from Chinese hamster fibroblasts were incubated with mouse A, cells containing a mutation at the hypoxanthine-guanine phosphoribosyl transferase (hprt) locus.
A means for genetic mapping of mammalian chromosomes is provided by a combination of the technique of cell fusion and karyotypic analysis of resultant hybrid clones by the recently developed quinacrine (3) and Giemsa banding procedures (4) . Techniques for the direct transfer of genetic information from subcellular particles to cells could provide a complementary method for genetic mapping. This would eliminate the necessity of awaiting segregation of chromosomes, thereby reducing the possibility of chromosomal rearrangements. Mammalian metaphase chromosomes appear eminently suitable for this purpose since a meaningful biological fractionation of genes is present in chromosomes, and numerous methods (5-7) have been described for isolation of these particles. Chromosomal DNA might be somewhat better protected from degradation during cellular uptake than free DNA due to its compact structure and its association with proteins and RNA. The introduction of intact chromosomes into cells could circumvent problems of integration of DNA into the host genome; subsequent replication and expression of chromosomal genes should be analogous to the steps following cell fusion.
Evidence exists that isolated metaphase chromosomes can penetrate into mammalian cells in vitro (8) (9) (10) (11) (12) (13) (14) (15) (16) , but most of the chromosomal DNA is subsequently degraded (8) (9) (10) (11) (12) . Previous information suggesting that mammalian chromosomes can be replicated after uptake is extremely sparse (14) (15) (16) , and no evidence has been provided for expression of this new genetic information by the host cell.
Abbreviations: HPRT, hypoxanthine phosphoribosyl transferase (EC 2.4.2.8); hprt, gene directing synthesis of HPRT; HAT, hypoxanthine-amethopterin-thymidine, selective growth medium of Littlefield (1) ; MEM, Eagle's minimal essential medium (2 5 mg of protein) was applied to the column at 50 and sequentially eluted at a constant flow-rate (8 ml/hr) with 4 ml of starting buffer, a 60-ml linear (0-225 mM) NaCl gradient followed by 3 ml of 0.4 M NaCl (both containing starting buffer), and finally with 6 ml of 2 M NaCl-0.1 M Tris HCl (pH 8.8). 1-ml Fractions were assayed immediately for HPRT activity and later for protein concentration, conductivity, and pH.
Gel Electrophoresis. Gels were prepared by a modification of the procedure of Bakay and Nyhan (26) . An 8% poly- Proc. Nat. Acad. Sci. USA 7o (1973) clones obtained in experiment I of Table 1 in suspension culture in HAT medium, and the high-speed (100,000 X g) supernatant fluids of freeze-thaw lysates were examined directly for HPRT activity ( Table 2 ). The specific activities were similar to those obtained from extracts of Chinese hamster fibroblasts or wild-type mouse L929 cells, or the closely related, B82 thymidine-kinase-mutant L cells.
DEAE-Cellulose Chromatography of HPRT Extracts. Chromatography demonstrated a single peak of HPRT activity for both the mouse and hamster parental species (Fig. 1) . However, the hamster HPRT is adequately resolved from mouse (L) enzyme when compared directly by elution position or conductivity at the point of emergence, or by mixture of the extracts before chromatography (lower left, Fig. 1 from experiment 5 of Table 1 and the three clones from experiment 8B of Table 1 also demonstrated the hamsterenzyme profile, while the clone from experiment 8A exhibited a profile that is identical with that of mouse HPRT, and therefore represents a revertant. Acrylamide Gel Electrophoresis of HPRT. Mouse HPRT has a greater electrophoretic mobility than the hamster enzyme, from which it is adequately separated (Fig. 3) . HPRT in extracts of clones 1, 2, and 3 from experiment 1 of Table 1 were all identical in mobility with hamster enzyme, when run alone or when mixed with hamster extract, whereas two bands resulted when artificial mixtures of these extracts with mouse HPRT were subjected to electrophoresis. Furthermore, the HPRT produced by the A9 revertant (Fig. 3B) is not electrophoretically distinguishable from the wild-type mouse enzyme. Evidence (not shown) that the radioactive spots reflect the location of HPRT activity is provided by the fact that the spots were markedly attenuated when the gel was reacted with substrate at 50 rather than 370, as well as by the fact that no radioactivity could be detected when 5-phosphoribosylpyrophosphate was omitted from the reaction mixture. No radioactivity was observed under any condition when an extract of A9 cells was subjected to electrophoresis. Gel electrophoresis (not shown) also demonstrated that the HPRT products of the clone from experiment 5 and the three clones from experiment 8B of Table 1 were indistinguishable from the Chinese hamster enzyme, whereas the product of the clone from experiment 8A had the same electrophoretic mobility as the mouse HPRT.
Karyotypes. Histograms of the numbers of total chromosomes (Fig. 4 ) and biarmed chromosomes (not shown) in the clones from experiment 1 of Table 1 were closely similar to that of the parental A9 cells. Karyotypes of all experimental cell lines clearly differ from the Chinese hamster karyotype, which exhibits a narrow mode of 23 chromosomes, Table 1 . Arrows indicate the median number of chromosomes in each line.
indicating that none of these lines could have arisen by contamination of the cultures with hamster cells.
Stability of Genotype after Chromosome Transfer. The clones of experiment 1 of Table 1 were grown in selective HAT medium for several generations. After a shift to nonselective MEM spinner medium, the growth of each line was continued in suspension cultures for 2 Proc. Nat. Acad. Sci. USA 70 (1978) of colonies in selective medium when chromosomes are present, compared to the very low reversion frequency under similar conditions. (2) The rapid loss of the hprt gene by one of the clones (clone 3 of experiment 1), which is unexpected if the colony arose by reversion of parental cells. (3) The physical characterization of the enzyme (HPRT) product as indistinguishable from the chromosomal species and clearly different from the parental species, as shown by DEAEcellulose column chromatography and acrylamide gel electrophoresis. This last point is the most convincing one.
Other possible explanations that have been considered, but appear extremely unlikely or completely inconsistent with the results, include the following: (1) Reversion is inconsistent with any of the three points mentioned above and is especially refuted by the physical characterization of the gene product. Some revertants could occur involving mutation at a locus for a charged residue, resulting in a gene product that differed from the parental type. However, the possibility that the product of all revertants could be completely indistinguishable from that of the donor chromosome species by two methods of characterization seems remote. Furthermore, the single authentic revertant that was analyzed produced an HPRT that was not distinguishable from that of the parental (mouse) species. Schwarz et al. (29) also reported that an A9 revertant produced HPRT that was electrophoretically identical to wildtype mouse enzyme.
(2) The possibility that the cultures were contaminated with a few wild-type (L929) mouse cells is excluded by the characterization of the enzyme product and by the absence of similar colonies in control cultures. (3) Contamination of the cultures with a few Chinese hamster cells or incomplete removal of these cells during the process of chromosome isolation is excluded by the fact that the karyotypes of the resultant clones were similar to that of the mouse species and totally different from that of the hamster species. Furthermore (19) . Any stimulation by degraded chromosomal products is unlikely since they would be rapidly diluted out during growth. (7) Contamination of cultures with viruses or mycoplasma coding for an active HPRT is excluded by inability to culture mycoplasma from the clones, failure to observe HPRT-positive colonies in control cultures, and physical characterization of the enzyme product. However, the possibility that a transducing virus was present cannot be excluded.
There are several possible explanations for the low frequency of gene transfer. observed (see ref. 19) . The ability to demonstrate any gene transfer in the present experiments results from the use of a selective system using recipient cells with an extremely low reversion frequency and chromosomes isolated from a different species, thereby permitting positive identification of the species of origin of the gene product.
Mammalian chromosome uptake in vitro, particularly combined with the use of fractionated chromosomes, could provide a powerful tool for genetic mapping. However, the utility of this procedure would be increased by the development of methods for a greater efficiency of transfer and expression of the genetic information. The possible application of this technique to "gene modification" is open to considerably greater skepticism (30) .
